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Abstract. Three observables of interest for present and future reactors depend
on the β decay properties of the fission products: antineutrinos from reactors,
the reactor decay heat and delayed neutron emission. In these proceedings,
we present new results from summation calculations of the first two quantities
quoted above, performed with evolved independent yields coupled with fission
product decay data, from various nuclear data bases or models. New TAGS
results from the latest experiment of the TAGS collaboration at the JYFL facility
of Jyväskylä will be displayed as well as their impact on the antineutrino spectra
and the decay heat associated to fission pulses of the main actinides.
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1 Introduction
The study of β decay is useful to better constrain different domains of physics achievable close
to reactors. Its implications for present and future reactors concern the physics of antineu-
trinos and their applications, the decay heat (DH) understanding and control and the access
to the delayed neutron fractions. They are essential respectively for fundamental physics
(neutrino oscillation, mass hierarchy and reactor anomaly), reactor monitoring and non pro-
liferation, reactor safety and economy as concerns DH and the operation and control of the
chain reactions in reactors. Indeed, in a PWR the thermal power is mainly induced by the
fission process undergone by the four isotopes 235U, 239Pu, 241Pu and 238U. Fission products
(FP) are released in such process, at the origin of the β decays as they are neutron rich nuclei.
In such radioactive processes, a neutron from the parent nucleus converts into a proton in
the daughter nucleus and emits an electron and an electron antineutrino. Gamma-rays are
also emitted in the de-excitation of the produced daughter nucleus. In the specific case of the
production of the daughter in an excited state above the neutron energy threshold, a neutron
can be emitted before the de-excitation of a second daughter nucleus. This is known as a β-n
decay associated to the emission of a delayed neutron. Whether the γ and β particles, the β
delayed neutrons or the neutrinos, their independent measurement allows to assess β decay
physics properties and applications. In these proceedings, we will essentially focus on the
physics that can be addressed via the γ channel.
In the next section, experimental issues associated to γ measurement will be introduced
before to present the Total Absorption Gamma-ray Spectroscopy (TAGS) technique used to
overcome experimental biases. Two of the 3 introduced β-decay applications will be com-
mented below: antineutrinos from reactors in Sect. 3 and decay heat in Sect. 4. Both aspects
will be discussed in the context of the summation calculations that have been developed by
the Nantes group and that will be introduced and commented in Sect. 3.2 and 4.2. The sum-
mation method is also a useful tool to give predictions for delayed neutron fractions but these
aspects are not presented in the present paper. They have been the focus of a Coordinated
Research Program of the IAEA attended by our group dedicated to the establishment of a
new β-delayed neutron nuclear database (DB) which outcome is the object of a publication
in preparation [1]. A general conclusion will be given in Sect. 5.
2 Pandemonium Effect and Total Absorption Gamma-ray
Spectroscopy (TAGS)
2.1 Pandemonium Bias in Nuclear Databases
A precise measurement of the β decay probability, the β intensity Iβ, is essential for the
determination of the β strength which characterizes the structure properties of a nucleus. It
is achievable with a clean determination of the energy levels of the daughter nucleus via the
γ-cascade measurement. The experimental knowledge of the endpoints, the Q-value and the
Branching Ratios (BR) of a given FP giving access to its β/anti-ν energy spectra, it becomes
possible to calculate a complete β/anti-ν spectra of the 4 main fissible nuclei present in the
reactor core of a PWR. The access to the mean γ and β energies of a given FP also brings a
stone to add to the building of the DH determination and enriches as-well nuclear databases.
Before the 1990s, high resolution γ-ray spectroscopy through the use of germanium de-
tectors was the conventional detection technique used for γ-ray measurement. It offers excel-
lent energy resolution but an efficiency which strongly decreases at high energy and usually
limited acceptance. As direct consequences, weak γ-ray cascades are likely difficult to de-
tect and the decay scheme of the parent nucleus may be incomplete. There is a danger of
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overlooking the existence of β-feeding into the high energy nuclear levels of daughter nuclei
especially with decay schemes with large Q-values. This phenomenon is called “Pandemo-
nium effect” highlighted by Hardy in 1977 [2]. The β decay of the 105Mo is a good illustra-
tion [3]. A comparison between the calculated antineutrino spectra obtained using the results
of a measurement performed with high resolution technique (JEFF 3.1.1) and the TAS one
(see Sect. 2.2) which corrects for that effect can be made. A '50% discrepancy is observed in
the mean energy of the distributions to be compared with the few percent uncertainty quoted
in JEFF 3.1.1 DB. This example highlights the strong potential bias present in nuclear DB for
nuclei suffering for Pandemonium effect not only concerning the mean energy values, level
energies, etc. but also concerning their associated uncertainties. It might have subsequent
consequences while using nuclear DB in β decay applications that need careful treatment.
2.2 The Total Absorption γ-ray Spectroscopy
2.2.1 TAS calorimeter and experimental campaigns
A solution proposed to solve the above-mentioned issue was to use a calorimeter containing
big crystals ideally covering 4pi : the Total Absorption γ-ray Spectroscopy (TAGS). The
detection philosophy with respect to HPGe is totally different. Instead of detecting the γ-
rays individually, a TAS is used to absorb the full γ-ray energy released by the γ cascades in
the β decay process. It offers an excellent efficiency but a lower resolution than HPGE (see
below). Apart from the detector inefficiency that has to be corrected for, this technique gives
directly access to the energy level in the daughter nucleus. The first TAS developed in the
1970s were too small detectors to be enough efficient. The development of a TAGS method
efficient and systematic appeared in the 1990s [4] and has been improved since then. TAS
are now segmented allowing “multiplicity” measurements and the analysis methodology has
been noticeably improved [5].
The European TAS collaboration has performed so far two experimental campaigns of
data taking with two detectors built by the Valencia and Surrey groups at the IGISOL facil-
ity in Jyväskylä [7]. The first used in 2009, made of 12 BaF2 crystals offering a detection
efficiency of γ-ray cascade larger than 80%, was coupled with a silicon detector for β coinci-
dences to reduce the background contribution. Seven nuclei of interest for both antineutrino
and decay heat applications were measured during this campaign [6]. The second one in 2014,
DTAS, a 18-fold segmented NaI(Tl) spectrometer with rectangular crystals of 15x15x25cm3,
has also an excellent efficiency of 80-90% to detect a single γ-ray associated with an individ-
ual crystal energy resolution of 7-8%. It is coupled with a plastic detector for β coincidences.
This experiment was very successful as 23 nuclei (from the Nantes/Valencia’s proposals) of
interest for antineutrino and DH1 [8] were measured. Among the 15 nuclei analyzed so far
some preliminary results for the 99Y, 138I, 142Cs [9], 100,100mNb and 102,102mNb [10] nuclei are
presented below.
2.2.2 Analysis: determination of the β intensity Iβ
We show in the top panel of Fig. 1 preliminary results of the β-gated energy spectrum of
gammas for the 99Y nucleus, a priority 1 contributor to the spectrum [8]. In the figure, the
locations of the Q-value and the neutron emission threshold are indicated by vertical lines.
The β − γ coincidences guarantee a spectrum free from environmental background, however,
all other sources of contamination have to be carefully studied in the analysis. The green
1The Nantes group is taking part to the TAGS consultant meetings of the IAEA dedicated to the elaboration of
the priority list of Pandemonium nuclei that need to be measured.
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line represents the contribution of the pile-up signals to the data extracted from a MC study,
the blue one the contamination from the daughter 99Zr nucleus determined solving the Bate-
man equations and the purple line the contamination from β-delayed neutrons. The red line
is the result of the reconstruction of the TAGS data with the feeding found with the Bayes
method [11]. It is already in very good agreement with the data shown in black. The result-
ing preliminary Iβ distribution (without the β-n contribution) is shown in the bottom panel
of Fig. 1 where the feeding is compared with the ENSDF database containing experimental
results from high-resolution measurements. The discrepancy between the two feedings high-
lights how the Pandemonium problem biases high-resolution data and consequently nuclear
databases. The shaded areas reflect the envelop of systematic errors obtained in varying the
input ingredients entering in the data analysis.
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Figure 1. Top: Experimental TAS spectrum of 99Y showing also contaminants (see text) and the recon-
struction obtained after the application of the Bayes method (red line). Bottom: Beta intensity of the
beta decay of 99Y (see text).
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3 Reactor Antineutrinos
3.1 Physics motivations
β decays of FP are responsible for the huge flux of antineutrinos emitted close to reactors.
Taking into account that ∼6 antineutrinos are emitted per fission2, a PWR of 1GWe releases
a flux of the order of 1021/s antineutrinos. With such a neutrino factory, two domains of study
hitting for the first applied physics and for the second fundamental physics become attain-
able. Measuring a flux and a spectral shape should allow to measure the composition of the
reactor core. Indeed, it was proposed in the 1970s (and then demonstrated in the 1980s/90s)
to use the discrepancy between antineutrino flux and energies from U and Pu isotopes to
infer reactor fuel isotopic composition and power. Measuring a flux and a spectral shape
would also allow the measurement of an oscillation if it exists. This second domain of study
is of the interest of fundamental neutrino physics. Across the years, neutrino experiments
have found anomalies in their data, i.e. data which could not be explained by an oscillation
scheme with three neutrino flavors. The "reactor anomaly" designates the deficit observed
between the detected antineutrino flux by reactor neutrino experiments at less than 100 m
from reactors with respect to a new prediction of this detected flux [12]. The latter new pre-
diction has been obtained through a new conversion of the integral β energy spectra [13, 14]
measured by Schreckenbach et al. [15] into antineutrinos. These changes led to a new nor-
malisation of the converted detected antineutrino flux lying 6% above the detected flux at
short distances from reactors, when accounting for out-of-equilibrium effects and a new neu-
tron lifetime value [12]. Moreover, the comparison between the converted spectra and the
measured spectra of Daya Bay (DBay), Double Chooz and Reno, apart from the normalisa-
tion which confirmed the reactor anomaly, exhibits a large distorsion of the data with respect
to the model between 5 and 7 MeV in antineutrino energy called the "bump" [16–18]. Lastly,
DBay recently put into question integral β measurement of 235U questioning the degree of
trust placed in the conversion method [19].
3.2 Summation Calculations and Recent Experimental Improvements
The summation method was proposed simultaneously to the conversion method as an alterna-
tive allowing to study the sub-components of the reactor antineutrino energy spectrum. The
antineutrino spectrum associated with one of the four fissioning isotopes in a moderated re-
actor can be computed as the sum of the contributions of all FP using the full information
available per nucleus in the NDB as described in [20]. This method is useful for several
reasons. Not only it is the only one that can be adapted to the computation of the antineu-
trino emission associated to various reactor designs, but also it allows for the computation
of antineutrino spectra for which no integral β spectrum has been measured yet taking into
account off-equilibrium effects and allowing the use of different energy binnings of interest
for reactor neutrino experimental analyses.
As an illustration, we picked-up various results obtained so far. In 2012 [20] we published
predictions for the antineutrino spectra for the 4 main isotopes in a reactor core and a direct
comparison to the converted spectra highlighting a 5 to 10% deficit in the 235U spectrum
in agreement with DBay [19]. We also published the main contributors to a standard PWR
antineutrino energy spectrum in bins of energy of interest for the bump study [21] which
are of first priority for new TAGS measurements. The impact on the antineutrino energy
spectrum of the seven nuclei 99Y, 138I, 142Cs, 100,100mNb and 102,102mNb have been studied with
the summation method. Their cumulated contributions is illustrated in Fig. 2 for 238U (left),
2This is an average value which depends on the fissioning system
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235U (middle left), 239Pu (middle right) and 241Pu (right). We observe a maximum negative
deviation of '4% in an energy range from 3 to 5 MeV and a positive deviation in the region
of the bump, deviations which go in the direction of neutrino experiment measurements.
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Figure 2. Ratios between 2 spectra built with the dataset described in the text over the same but the
TAS data.
4 Decay Heat
4.1 General Motivations for DH Study and Summation Calculations
Following the shut-down of the chain reaction in a reactor, the nuclear fuel continues to
release an energy with time called decay heat. It is essentially made up of radioactive (α,
β and γ radiations) decays of the FP and actinides. Their released energy as a function
of the cooling time distributes very differently. In the first 10s after the reactor stop, the
DH is dominated by the delayed fissions, then its main source comes from the FP over 100
years. After this time it is dominated by the actinides decay. On average, it represents a
residual power of 6 to 12% of the nominal power of the reactor just after its shut-down.
These numbers are huge and motivate the necessity to have a good knowledge of the DH
for both the evaluation of the reactor safety and various economic aspects of nuclear power
generation. The DH is estimated through the only method able to be predictive for future
reactors: the summation method [22]. The decay heat defined as f (t) can be analytically
calculated as the sum over the whole FP and actinides inventoried for specific conditions of
reactor operation and subsequent cooling period of their mean α, β, γ energies times their
total decay constant times their fission yield. In the case of fission pulses, the time ranges up
to ∼ 106s and the fission of pure isotopes is considered.
In the 1970s, important discrepancies were observed between summation calculations
which used the information stored in nuclear DB taken worldwide and benchmark experi-
ments (see [23] for a review). With the discovery of the Pandemonium effect as potentially
responsible for the observed discrepancies, measured TAS data have been used since the
1990s to solve the problem. Figure 2 in [25] illustrates how the long-standing electromag-
netic component of the DH puzzle was partially solved in 2010 following the first TAS cam-
paign in Jyväskylä of the Valencian’s group. During this experimental campaign, 7 nuclei
of first priority for the decay heat interest were measured and analyzed: the 101Nb, 105Mo
and the 102,104−107Tc. Two summation calculations including or not the 7 TAS nuclei were
computed using ENDF/B-VII nuclear DB and compared with the Tobias compilation of in-
tegral measurements [23]. Five of the 7 nuclei drastically improved the calculation over the
whole cooling time covered by the distribution. This important result motivated the necessity
to prolongate the experimental effort and is one of the motivations of the second TAS cam-
paign (Sect. 2.2.1). Indeed the γ component of the DH of the most well known nuclides from
, (201E Web of Conferences https://doi.org/10.1051/e onf /20192PJ pjc9)211 01001 0111010
WONDER-2018
6
integral measurements are still not well reproduced by the calculations including different
nuclear DB [23].
4.2 Some Preliminary Results from the 2nd TAS Campaign
The mean β and γ energies of the nuclei 99Y, 138I, 142Cs, 100,100mNb and 102,102mNb have been
computed from the β intensities experimentally determined since the 2nd TAS campaign.
They have been compared with ENDF/B-VII.1 and JEFF 3.3 databases. Firstly, they all
present the same systematics: a larger E¯γ in TAS compared with the other nuclear DBs and
a lower E¯β as expected for Pandemonium nuclei. Secondly, their ∆E¯ with the two other
DBs are of the order of few hundreds of keV for both the γ and β components which is on
average twice larger than the uncertainties quoted in nuclear DBs. These two observations
illustrate the presence of biases in nuclear DBs which need to be improved with such kind
of measurements. We started a collaboration with the CEA Cadarache in order to quantify
the impact of the bias in the DB uncertainties on the calculation of the total uncertainties
associated with the DH.
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Figure 3. Top: 235U fission pulse total decay heat computed with ENDF/B-VII (green) and JEFF3.3
(blue) and compared to Tobias et. al and Dickens et al [23]. Bottom: impact of the 3 nuclei 99Y, 138I,
142Cs on the electromagnetic and light particle components of the decay heat respectively, calculated
with ENDF/B-VII (green) and JEFF3.3 (blue).
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With the knowledge of the new values of E¯γ and E¯β it has then been possible to calculate
the impact of all these nuclei on the total DH and on the individual electromagnetic (EEM)
and light particle (ELP) components. For that purpose, some summation calculations have
been performed using Serpent 2. Serpent is a multi-purpose three-dimensional continuous-
energy Monte Carlo particle transport code, developed at the VTT Technical Research Centre
of Finland [26]. The decay heat has been computed over 104s cooling time. It is illustrated for
the case of the three nuclei 99Y, 138I, 142Cs taken together in Fig. 3. The top panel of the figure
shows the absolute total DH for 235U while the two other panels depict the relative impact
of the 3 nuclei on the EEM and ELP components of the DH respectively. The calculations
have been performed with two nuclear databases: ENDF/B-VII.1 (green) and JEFF 3.3 (blue).
While the impact of the sum of the 3 nuclei is lower than 1% in both DB on the total DH below
10s, we can see that it comes from a compensation of the two EEM and ELP components.
The left and right panels show that the nuclei have a larger impact on each component taken
individually (1-2% on ELP and 3-4% on EEM). Note that the main contributions come from
the 142Cs3 (2%) and the 99Y (1.5%) but this is not shown here. We have similar conclusions
concerning the 239Pu. Concerning niobiums, the EEM and ELP components which are also
at the level of the percent for both 235U and 239Pu in both DBs compensate for the total DH.
5 Conclusion
In conclusion, we have presented in this paper the motivations for new measurements of β
decay properties of fission products, as key ingredients in the estimate of the reactor decay
heat, reactor antineutrinos and β-delayed neutron fractions. The Total Absorption Gamma-
ray Spectroscopy technique allows to avoid the Pandemonium effect which affects some of
the data of evaluated nuclear databases. We have presented new results of a TAGS campaign
performed at the IGISOL facility of Jyväskylä, Finland. Their impact on decay heat from
fission pulses and on individual antineutrino spectra was assessed and found to be significant.
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